Energy access for all is the seventh Sustainable Development Goal (SDG) put 18 forth by the United Nations in 2015. This initiative has been taken on by many non- 19 governmental organizations (NGOs), national governments and communities alike. 20 Traditional Sub-Saharan African approaches to cooking often rely on three-stone fires (or 21 other open wood fires). The smoke from these open cooking fires is known to cause 22 significant adverse health impacts. Thus, access to cleaner energy sources is especially 23 important to improve cooking conditions. One alternative cooking fuel is biogas, which 24 has the advantages of smoke reduction, and decreased reliance on and impact of firewood 25 collection. In this article, we develop a method of analyzing the feasibility of biogas 26 projects for some rural communities. The method we describe enables both evaluation of 27 digester designs for specific settings and determination of the scale, cost, and effectiveness 28 of a biogas plant. For example, in a cooking application, 1 m 3 of biogas can replace 1.3 29 kg of firewood (and the associated approximately 10 minutes spent collecting firewood). 30 Such technology evaluation is critical for helping communities and organizations 31 determine whether this type of project is well-suited for their settings. All too often, 32 development project concepts are funded prematurely, before the realization that the 33 implemented technology does not function properly or is unsustainable for specific 34 applications. The feasibility analysis we describe is a contribution to the literature because 35 it provides a condensed, simplified written resource that enables development 36 practitioners, volunteers and communities in a rural setting to readily evaluate whether a 37 biogas energy solution is appropriate and sustainable for their setting before investing 38 valuable resources and time into implementation. 39 40 41 42 1 INTRODUCTION 43
Earth-pit plant
The earth-pit plant design requires minimal materials: cement for pit lining, metal netting and 144 plaster walls to prevent seepage, and a masonry ring. In addition, an external gasholder (metal or 145 plastic) is recommended. The low cost of installation (comparatively ], interpreted as a 10-50% gas production 148 efficiency. Maintenance is minimal, typically consisting of occasional plaster repairs. Also, the 149 overall strength of the digester is low because it lacks structural supports; this design is reliable in 150 stable soil but must be situated above the groundwater table to avoid groundwater contamination 151 and dilution of the water-waste slurry. Increased pressure can be achieved by weighing down the 152 gas holder. The plant does not impose large safety concerns as the structure is not as gas-tight as a 153 fixed dome plant and therefore is not as prone to explosions (Werner, Stöhr and Hees, 1989) . 154 2.4 Ferro-cement plant 155 Ferro-cement biogas plants are constructed using cement mortar with steel wire mesh layers 156 (Council of Scientific & Industrial Research, 2007) . This digester has a low material input, but 157 high-quality cement is required (Polprasert, Nukulchai and Rajput, 1982) . The process of 158 constructing a plant is theoretically easy to perform in rural areas, but a standard method has not 159 yet been adequately time-tested (Cheng et al., 2014) . Also, careful handling of the ferro-cement 160 structure is necessary during transport and construction to prevent damages, so it is recommended ] (interpreted as a 30-60% gas production 164 efficiency) during operation and digesters can be sized from 4-20 m 3 . The lifetime of a ferro-165 cement plant ranges from 6-10 years (Werner, Stöhr and Hees, 1989) . Scum accumulation can 166 reduce gas production, which can be maintained by mixing and withdrawing portions of the slurry. 167 Ferro-cement has a greater crack-proof property than regular cement, so the overall strength is 168 high. The reliability of the plant can be enhanced using an extra storage tank to prevent leakages 169 and continually allow for production. The gas holder requires special sealing measures to prevent 170 leakages, and excessive pressure could cause leakages at seals. However, ferro-cement seals are 171 tighter than in regular cement, so leakages are expected to be lower than a fixed dome plant. Lastly, 172 explosions have not been reported with this type of plant, so the safety concerns are low 173 (Polprasert, Nukulchai and Rajput, 1982) . 
Bag digester
In addition, bags are a good solution when the groundwater table is high because the plastic 181 prevents seepage into or out of the digester; with masonry, seepage would be more likely to occur 182 which, in areas where the groundwater table is high, could result in both the water-waste slurry 183 becoming diluted and the groundwater being locally contaminated by human waste (Cheng et al., 184 2014). The bags are easy to install and do not require masonry expertise, but require adequate 185 slurry to be added for the bag to provide sufficient pressure (Cheng et al., 2014) . Low gas output 186 pressures have been reported, thus weights can be placed on bags to increase pressure. In addition, 187 tight seals are difficult to produce where piping joins the bag, even if sealants are available, so gas 188 leakages are common. However, if gas production is high and not being used or stored, the bags 189 can explode (Kuria and Maringa, 2008) .
190
The bag volume is 4-100 m 3 , lifetime is typically 2-5 years, and daily output is 0. Werner, Stöhr and Hees, 1989) , interpreted as a 30-80% gas production efficiency. Simple 192 maintenance (sealing) is required if the bag is damaged or sliced, but sediment accumulation is 193 very difficult to remove. The bag's strength is low; the thin plastic used commercially to 194 manufacture bags is prone to damage from falling objects, people and animals, and in the scope of 195 this study, non-traditional bag materials were not considered. In addition, this design demands 196 shelter from direct sunlight and is greatly impacted by changes in temperature, which in turn is 197 dependent upon the material and its color, and the resulting rates of heat transfer. The 198 recommended mean temperature is greater than 20⁰C, so operation is poor during cold nights or 199 winter. Composites have a high resistance to corrosion and are strong and durable, consistently holding 212 high gas pressures. However, to ensure proper operation, they require technical and operational 213 follow-up after implementation, which is often lacking in remote and rural environments. If the 214 composites are instead manufactured locally in inexperienced plants, there is a safety-risk that low-215 quality digesters could malfunction. They are also prone to sinking into soft ground materials, but 216 are tightly sealed so water seepage is not a problem (Cheng et al., 2014) . 217 2.7 Ratings for design criteria 218 In order to select an appropriate biogas plant design for effective operation at MBHS, we use the 219 technology review to evaluate each digester's strengths and weaknesses over ten criteria 220 (developed based on Kuria's design factors (Kuria and Maringa, 2008) ). These criteria were 221 selected to gauge the digesters' construction and operation within a specific environment, in our 222 case the tropical and rainy climate of MBHS where temperatures average 24.9 ⁰C and average 223 annual rainfall exceeds two meters (Climate: Kyela, 2018). and fall within the water instead of the slurry (see Fig. 2 ). The jacket both enhances hygiene by 248 removing operator contact with the slurry and prevents the drum from becoming stuck and unable 249 to rise or fall in the floating scum. Second, a roofing structure (not shown) should be constructed 250 over the plant to prevent rain from both diluting the slurry and causing continual corrosion. These 
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We began the design process by estimating the school's daily waste production, which is a function 259 of the number of students and their daily toilet use. Waste estimates for students, all aged in their 260 teens and twenties, were based on an adult producing an average 1.22 kg of waste per day (urine 261 and feces) (Fry, Merrill and Merrill, 1973) . This estimate was used in modeling the boarding-262 students' (advanced-level) waste production, and the waste of day-students (ordinary-level) was 263 estimated to be half of the daily average, based on the proportion of their day spent at school (from 264 6:30 am to 5:00 pm). These assumptions were limited because they did not reflect diet or 265 environmental factors (and capturing local data on waste production was outside the scope of this 266 research); they were used to simplify the model. The students were then assigned to the bathroom 267 that they predominantly use to estimate the waste deposits daily into each septic tank. Only the 268 bathrooms at elevations higher than the anticipated digester location would be incorporated into (4) 326 We located and measured the predicted piping routes to be as direct as possible while limiting 327 unnecessary pipe bends, and to not interfere with any existing structures on campus (Figure 3) .
328
These distances are coupled with the local cost per meter of PVC pipe to determine the total piping 329 cost. produced daily by students [kg/person], and the number of students at school. In the scope of this 337 study, the gas yield rate was assumed to be constant. Based on Oxfam's research on biogas yield 338 from human excreta, we choose a value of 0.02 m 3 gas per kilogram human excreta (Oxfam, 2008) .
339
The biogas yields are then compared to equivalent meals prepared using Oxfam's biogas generator 340 design research which states that 0.3 m 3 of biogas is required to cook one meal (Oxfam, 2011) . To 341 determine how the gas output as a fuel source can be equated to firewood for cooking, we 342 compared the energy content of biogas to that of firewood (Werner, Stöhr and Hees, 1989 The feasibility study suggested that the floating drum biogas digester would be the most suitable Given a current lack of biogas management experience at the school, it would be difficult to both 393 ensure proper maintenance and to rationalize the initial investments needed for the project, 394 especially when other projects (such as dormitory and classroom construction) have already been 395 prioritized in the school's expansion budget. The prohibitive costs are partly associated with the 396 specific floating drum design, but this type of digester was prioritized in part because of the 397 sanitary measures it employs; we did not feel that installing fencing around a biodigester was 398 sufficient for our level of risk tolerance. Because a biodigester at MBHS would be operated in a recommend a system that could increase the health risk on campus, for example, by contaminating 401 water sources.
402
Although the use of a biogas plant for fuel production is not ideal for this specific school setting, 403 it could be feasible in alternative environments. Key factors that influence the feasibility are the 404 proximity of toilets (less piping is required if they are grouped more closely together), availability 405 and cost of steel, and demand for biogas (based on the number of people supported by cooking).
406
For instance, in a hospital or health clinic setting, the buildings include more densely located toilets 407 with many outpatients who use these facilities but are not fed on-site. The inpatient population that 408 would be served meals would be a smaller fraction of the total waste-producers, so cooking with 409 firewood could potentially be replaced entirely. We do note that the installation of any type of (A11) 516
